Calixarene is a promising high-resolution negative electron-beam resist having a resolution of the order of 10 nm because of its low molecular weight. We have made a purified calixarene resist containing metal contaminants whose concentrations are measured in parts per billion and which therefore do not degrade the performance of silicon devices. The purity of the calixarene itself was also improved and we obtained high-purity calix[6]arene and high-purity calix [7] arene, in both of which contain the main component is more than 95 % of all the calixarene present. The resolution of both purified calixarene resists is almost same as that the nonpurified calixarene, but the sensitivity of calix [7] arene is higher than that of calix [6] arene because its molecular weight is higher.
Introduction
Electron beam (EB) nanolithography using a point (Gaussian) electron beam is the only one of the technologies that can be used to delineate nanometer patterns. To obtain smaller pattern sizes, we need an EB with a smaller spot size and we need a high-resolution resist. Spot sizes below 5 nm have already obtained by using a thermal field emitter (TFE) [1] , and high-resolution positive resists, such as PMMA and ZEP520 have been used [2] . But no high-resolution negative resist has been available. Minute devices such as single -electron devices have therefore been fabricated by using PMMA and a lift-off process. In the development of silicon MOS devices, conventional negative resists have been used for the gate fabrication [3] . The reason for the use of a negative resist is that a gate electrode is fabricated by dry-etching a polysilicon layer, or a multiplayer consisting of metal and polysilicon deposited in advance of EB lithography. A negative resist is therefore useful for reducing EB exposure time; that is, for improving the throughput.
We have reported ahigh-resolution calixazene resist [4] and have used it to produce ahigh-density dot array with dots about 10 nm in diameter [s] . We have also used it in the fabrication of minute MOS devices and obtained 8-nm-gate-length EJ-MOS FET (electrically variable shallow junction field effect transistor) [6] with trimming technology [7] . Our calixarene resist, however, contains calixazenes with various numbers of benzene nucleus and also contains much metal contamination. Alow-purity calixarene resist is not suitable for use when we want to investigate the characteristics of calixarene itself, nor can it be used in the fabrication of silicon MOS devices.
In this paper we report the purification of calix [6] arene and calix [7] arene resists, their EB exposure characteristics, and the high-resolution pattern that can be obtained with these resists.
Experiments
We used the JBX-5FE electron beam lithography system (JEOL Co.). It produces a point beam (Gaussian beam) with a diameter of 5 nm at an acceleration voltage of 50 kV. The calixarenes were dissolved in monodichlorobenzene, and 1.5 wt.% solutions were spin-coated in a way similar to that used in conventional semiconductor processes. Resist films with 40-nm thick were formed on Si wafers when it was spincoated at 3000 rpm for 30 sec and were pre-baked at 170 °C for 30 min under a nitrogen flow oven. After EB exposure, the wafers were developed by dipping them in xylene for 1 min. After development, they were then dried in an oven at 170 °C for 30 min. The film thickness was measured by atomic force microscopy (AFM) or by using an Alpha-Step 200 (Tenor Inst.) step profiler. Resist patterns were observed by high-resolution scanning electron microscope (SEM: 5-5000).
Purification of calixarene resists
The chemical structure of a calixarene [8] is shown in Fig. 1 . A calixarene, which is a general term for specific cyclic phenol resins, is a cyclic oligomer consisting of a number (shown by `n') of phenols. The number of phenols in a typical high-resolution calixarene resist is 6, and the molecular weight of such a calixarene is 972. The molecular diameter is about 1 nm [9] . When the number of phenols is 6, we call the calixarene hexaacetate pmethylcalix [6] arene (MC6AOAc). Most calixazene derivatives have poor solubility in organic solvents, but these calixarene molecules are soluble in organic solvents such as o-dichlorobenzene or mono-dichlorobenzene and withstand temperatures up to 320 °C [10] . Films of calixarene can therefore easily be made using a spin-coating method similar to that used in conventional resist processes. We previously found that calixarene films work well as negative electron beam resists, providing ultrahighresolution and being extremely durable during halide plasma etching [1 1] .
In this letter, the word `purity' has two meanings. One refers to the homogeneity of the calixarene itself, and the second refers to the absence of metal contaminants such as Na, Mg, K, and Fe. These metals are careless used when synthesizing calixarenes as catalysis, but they degrade the performance of silicon-based electronic devices. The components f calixarene resists are listed in Table 1 . What we here call former calix [6] arene is the low-purity calix [6] arene we have already showed can produce high-resolution patterns. The purity of samples was evaluated from the chromatogram of the sample obtained by highpressure liquid chromatography (HPLC: silicachloroform/hexane) and size-exclusion chromatography (SEC: TSK gel/G2000H-chloroform). After most of the metal impurities were removed, the trace amounts remaining were measured by inductively coupled plasma mass spectrometry (ICP-MS). As shown in Table 1 , the former calix [6] arene resists was found to contain a lot of macromolecules and a lot of calixarenes with numbers of phenols which is different from the Ca1ix [6] azene was synthesized as described in our previous report [9) and was further purified by filtration from ethyl acetate and liquid-liquid extraction. Calix [7] arene was obtained as a byproduct of the calix [6] azene synthesis: it was extracted from the acetone-soluble portion of the reaction mixture by column chromatography. The curd product was then purified by precipitation from ether to give a white solid. The precipitate was identified by elemental analysis, proton-nuclear magnetic resonance ('H-NMR), infrared (IR) spectroscopy and secondary ion mass spectroscopy (SIMS).
High-purity calixarenes were obtained. The main component was 96.8 % of the calix [6] arene and 95.0 % of the calix [7] arene, and the metal contamination was drastically reduced by three orders of magnitude. For example, Na concentration is reduced from 9.6 ppm down to 27 ppb for calix [6] arene and 10 ppb for calix [7] azene. The high-purity calix[n]azene was obtained, which can be used in semiconductor device processes. 4 . EB exposure characteristics EB exposure characteristics of high-purity and former ca1UC[n]arenes were evaluated. Resist films were exposed by 50-kV EB that is line-scanned in a rectangular for an area sensitivity measurement and is single-line scanned for resolution measurement. The threshold sensitivity for the former calix [6] azene, was about 0.5 mC/cm2 and the practical sensitivity was about 20 mGcm2, which is almost 40 times higher than that for a PMMA positive resist and almost 200 times higher than that for the chemically amplified negative resist NEB22 (Sumitomo chemical Co.). The threshold sensitivities of the high-purity calix [6] arene and calix [7] arene were 6 and 5 mGcm2, but the practical sensitivities of these calix[n]arenes were the same as that of the former calix [6] azene, about 20 mC/cm2. The contrasts of the high-purity calix[n]arenes were better than that of the former calix [6] azene. The contrast values of calix [6] azene and calix [7] arene were 4.7 and 5.6, respectively, whereas that of the former-calix [6] arene was 2.5. This improvement is due to the purity of the calixarene itself. Components with different molecular weights have different sensitivities. The former calix [6] arene has several components and therefore, shows low contrast. The high-purity calixarene on the other hand, shows high contrast. A high-contrast resist can be used for highresolution patterning and thus is useful then we want to make ahigh-aspect-ratio pattern. We have not, however, actually measured the resolution differences between these calixazenes.
The residual resist thickness after development was greatest for the high-purity calix [7] azene and least for the former calix [6] arene. This is because the former calixarene contains more components with lower molecular weights, and those polymers are less sensitive. These lower molecular polymers were not exposed sufficiently and were developed away, decreasing the residual thickness. Generally, higher molecular weight polymers have high sensitivity. Scheme for negative resist is that a pseud-molecular weight after cross-linking by exposure should exceed over a certain molecular weight for which a resist layer would not be dissolved in developer. This scheme is descried as gel point is proportional to the inverse of molecular weight. This relation is known as Charlesby theory. [12] Gel point means the electron dose when a resist pattern formation starts. Figure 3 shows the relation between gel point and the reciprocal of molecular weight for high-p `ty calix[]arene and high-purity calix [7] arene. The line in the figure shows that the relation is well-fitted to that predicted by on Charlesby theory. This means that the exposure mechanism for calixarenes is due to cross-linking reaction as same as usual resists made of chain-structure polymers [ 13] . Which parts of the molecule contribute to cross-linking is not clear. We speculate that the linkages are mainly between acetyl and methyl groups, but that double bonds are also broken and contribute to cross-linking. We think that the calixarene structure is not necessary for an EB resist, and we have already developed a chloromethylated calixarene resist almost ten times as sensitive as the resists deal with in this paper. The resists has chloromethyl groups substituted for the methyl groups. The higher sensitivity of this resist suggests that the functional groups are important for cross-linking. [6] arene and calix [7] arene. The line dose was 40 nC/cm for both resists. For both resists, 10-m-level fine line patterns were obtained: about 12 nm wide for calix [7] arene and about 14 nm wide for calix [6] arene. The line-edge roughness seems to differ some what between the two resists, is somewhat difference, but we have not yeat obtained consistent results.
For EB exposure using a point electron beam, line width increases with increasing line doses because of the beam tail. To investigate this relation, minimum line width or maximum resolution can be found. The relation between line width and line dose is shown in Fig. 5 . Line width increased with increasing line dose, and the change for the highnurity calix[6.7larene and former [7] arene exposed by using a 50-kV electron beam. Line dose was 40 nClcm.
calix [6] arene were indistinguishable. The minimum line width is for these calixarenes also essentially the same: 12 urn. Although these calixazenes. These calixarenes have different sensitivity characteristics, their line width dependences on line dose are almost the same.
Summary
We have succeeded in synthesizing extremely pure electron-beam negative resists, 4-methyl-lacetoxycalix[n]arene; calix[n]azene (n=6,7). The main component of each of these calixe[n]azenes constitutes at least 95 % of the resist, and the concentrations of metal contaminants in these resists are three orders of magnitude lower than those in our former calix [6] arene. These new calix[n]arene resists can therefore be used in silicon device processes. The higher sensitivity of highpurity calix [7] arene accords with that predicted by Charlesby theory to result from the purification.
The contrast of the high-purity calix[n]arenes was greater than that of the former calix [6] azene, but its resolution is the same as that of the former calix [6] arene. The decrease in residual resist thickness is smaller for the high-purity calix[n]arene than that for the former calix [6] arene. This new calix[n]arene negative resist is thus suitable for use in nanostructure fabrication of silicon devices. 
